Abstract -Recently, data traffic for satellite communications is increasing rapidly, due to various new purposes besides the conventional voice phone and facsimile. For the reason, it is necessary to realize high frequency communications, which is to be assured by high accuracy of tracking control of an antenna. To meet the needs, this paper aims at the accuracy improvement of conventional ship mounted tracking antennas by introducing H-infinity control. In this paper, the basic characteristics of tracking antenna are investigated by experiments and the model of the antenna for controller design is established. Based on the model, an H-infinity controller is designed and implemented to the antenna. Experimental results show that the tracking accuracy can be improved to ±0.3 [deg], which is five times higher than that by the conventional controller.
I. INTRODUCTION
In the age of information technology, data communication is an essential technology. Among the data communications, mobile communication is becoming more and more important due to its convenience, and is increasing rapidly in recent several years. And mobile communication through satellite is a practical way for global communication. Recently, data traffic for satellite communication is increasing rapidly, due to the various new purposes besides the conventional voice phone and facsimile, e.g. multimedia communication. For the reason, it is necessary to realize high frequency communication, comparing to the conventional communication [1] .
For satellite communications, an antenna and a device called stabilizer [2] to stabilize the antenna toward the satellite is necessary. And to realize high frequency communications, high accuracy of the stabilizer is necessary.
To achieve the high accuracy of the stabilizer, some works have been done, e.g. [3] [4] . This paper describes a new control method for improving the accuracy of existing antenna system using H-infinity controller to assure the performance robustness. As a case study, a ship mounted INMARSAT antenna [5] is considered in this paper.
In this paper, section II describes briefly the antenna system used in our research. And the modeling of the system is shown in Section III. Section IV gives controller design for the antenna system and the simulation and experimental results, with comparing to existing controller. Finally, results are concluded in section V.
II. ANTENNA SYSTEM Fig.1 outlines structure of an INMARSAT antenna used in a ship. Stabilizer for the antenna consists of Azimuth axis (AZ), X axis(X) and Elevation axis (EL). The frame of each axis is driven by a DC servo motor through timing belt. To measure the angle of each axis, potentio-meter is attached to each joint. And to detect the rolling and pitching perturbations from the ship, a two-axis rate gyro and inclinometer are mounted on the X-frame [6] .
The hardware of control system of the antenna is shown in driving axes of the antenna. The analog outputs from potentiometer, rate gyro and inclinometer are input to computer through A/D converter. The rolling and pitching perturbation angles from the ship are calculated from the values of rate gyro and inclinometer by computer [6] . According to the rolling and pitching perturbation angles, as well as reference angles and the angles of three axes now, the duty ratio to PWM of each motor is derived by a control algorithm and the motor is driven by the PWM signal.
III. SYSTEM MODELING

A. Linear Model and Modeling Error
To establish a model for the design of controller, we investigate the validity to approximate the stabilizer as a linear model by simulation and experiment. For one axis of the stabilizer, usually a linear model of the driving system shown in Fig.3 Considering that the maximum frequency of base perturbation from ship is 10 Hz [6] , the result by simulation based on linear model is similar to that of experiment, in the frequency range larger than 0.2Hz.
However, in the frequency range less than 0.2Hz, The simulation result based on the linear model is different with that of experiment. This is due to the non-linear factors, including the resistance torque from electric wires of each axis, and the friction torque due to static friction of bearing on each joint.
Because the modeling error in the frequency range less than 0.2Hz due to non-linear torque is large, it can not be ignored for controller design. The non-linear torque will be modeled in next section.
B. Modeling of Non-Linear Torque
Because the non-linear torque is caused by the wire resistance and static friction of joint axis, it can be assumed that the torque depends on the rotating direction and angular position, rather than the angular velocity and angular acceleration. The model of the torque is to be derived by following experiment.
Exerting a constant voltage to the motor of each axis, the torque T m generated by the motor at steady state can be represented by (1).
.
Let T d be the non-linear torque, output torque T r at the axis can be written as (2) . (2) If the axis is rotated at a very low speed, that is , the influence of inertia and viscous friction can be ignored. For this case, (2) can be simplified to (3) . (3) Therefore, if the output torque T r is measured at pseudostatic state while a known constant voltage is exerted to the motor, the non-linear torque can be derived from (3). Considering the experimental error, various constant voltages are input to the motor for same rotating direction and position, and the output torques for the voltages are measured. By applying least squared method to the data, an approximating value of non-linear torque T d at the rotating direction and position can be derived. Fig.7 . From the figure, it is known that the non-linear torque varies with the position and rotating direction. The curve in the Fig.7 will be used as a model to formulate the non-linear torque in the axis, and the maximum value, 0.63Nm at -25 degree and in CW direction in Fig.7 , will be used as the bound of disturbance in the design of controller.
C. Feasibility of the System Model Consisting of Linear Model and Non-Linear Torque
As described in A, the system, that is, the plant is to be represented by a combination of the linear model shown in Fig.3 and non-linear torque model shown in Fig.7 . To confirm the feasibility of the plant model, simulation of the tracking motion with base perturbation is carried out. And a comparison between simulation results and experimental results is done. As an example of the results, Fig. 8 shows the deviation of the elevation axis. As the base perturbation for Fig.8 , maximum base perturbation, that is, a sinusoid with amplitude of 30 degree and frequency of 0.125Hz is input to the axis. The controller of the axis is a phase-lead compensator (PLC) used now. From Fig.8 , we can know that the simulation result almost is consistent with the experimental result. Therefore, it can be said that the plant of driving axis can be represented by a model consisting of a linear model shown in Fig.3 and non-linear torque shown in Fig.7 . In next section, we will design a robust controller, in which the linear model will be used as the nominal model and the non-linear torque will be considered as a weighting function, to achieve high accuracy of tracking control.
IV. ACCURACY IMPROVEMENT BY H-INFINITY CONTROL
A. Design of H-Infinity Controller
Generalized plant for one axis is set as the part enclosed by dotted line in Fig.9 . Let the generalized plant as the nominal model, an equivalent transform is made to Fig. 9 and its result is shown in Fig.10 . Weighting functions in Fig.10 are assigned as follows. 1) Weighting function W 1 for modeling error Assume that the variation of inertia moment is within 10%. To cover the multiplying modeling error, W 1 is designed as (4) . (4) 2) Weighting function W 22 for disturbance torque The maximum non-linear torque obtained in last section is transformed to the driving voltage. The voltage can be used as W 22 directly, as (5) . (5) 3) Weighting function W 3 for dynamic disturbance To reduce the influence of sensor noise in high frequency, a low-pass filter shown in (6) is designed. (6) 4) Weighting function W 4 for input estimation Consider the difficulty to implement, a constant is used to avoid increasing the order of the controller.
The bode diagrams of all weighting functions are shown in Fig.11 .
According to the nominal model and weighting functions, a H-infinity controller K of seven-order shown in (8) is derived. And the , which represents the maximum value of transfer function of generalized plant from input to output, is 0.4989.
Because the controller K of seven-order is still hard to implement, the controller is simplified into a controller K m of five-order as shown in (9). Fig.12 . From the figure, we know that both lines overlap very well, that is, there is no obvious performance difference between two controllers. Therefore, the controller of five-order shown in (9) will be implemented to the antenna system.
In Fig.12 , there exists a large drop at about 1Hz on the curves of both controllers. This is because 1Hz is a resonant point of the closed loop of nominal plant.
B. Step Response
By implementing the H-infinity controller designed in last section to the antenna system, experiment of response to a step input is done. Fig.13 shows the response of elevation axis, to a step input of -3 degree at the position of 50 degree. For comparison, the response by a phase-lead compensator (PLC) used now is also shown in the figure. From the figure, we can know that for H-infinity controller the settling time is short and the steady deviation is almost zero, while the overshoot is large, comparing to PLC. Fig.13 Step response
C. Experiments under Base Perturbation
Exerting the prospected base perturbation to the antenna, the angle deviation after controlling the antenna to cancel the base perturbation is investigated to estimate the performance of designed controller.
1) Influence of initial position
Setting the initial position of elevation axis as 90 degree, 50 degree and 5 degree separately, and the deviations of antenna under a maximum base perturbation of sinusoid with a amplitude of 30 degree, frequency of 0.125Hz, are measured. The results are shown in Fig.14, Fig.15, Fig.16 , respectively. Also for comparison, the deviations by a phaselead compensator (PLC) used now are also shown in the figures. From the figures, for H-infinity controller, the deviation at steady state becomes much smaller and is less than +/-0.2 degree. 2) Influence of variation of inertia moment
To investigate the robustness of the controller to the variation of inertia moment, experiments are made for various inertia moments different from that in nominal model. As an example, the result for increased inertia moment by 10% to nominal value under a maximum base perturbation of sinusoid with amplitude of 30 degree, frequency of 0.125Hz, at initial angle of 50 degree, is shown in Fig.17 and Fig.18 . For comparison, the deviation for nominal value is also shown in the figures. From the figures, although the overshoot becomes larger due to the saturation of motor torque, the deviation at steady state is almost same with the case of nominal model. From the results, it can be said that a robust controller is achieved.
V. CONCLUSION
To improve accuracy of a ship mounted tracking antenna for satellite communications, a method for constructing the model of the system is proposed and the model is established by experiments. According to the model, an H-infinity controller is designed and implemented to the antenna system. By using the H-infinity controller, the accuracy is improved by five times.
Our next work is to improve the accuracy of sensor system for detecting the base perturbation, and to integrate the controller and sensor system to the antenna system.
